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symbiotic microorganisms within a host) is determined by environmental factors and the 28 host's immune, endocrine and neural systems. The social environment could alter host 29 microbiomes extrinsically by affecting transmission between individuals, likely promoting 30 homogeneity in the microbiome of social partners. Alternatively, intrinsic effects arising from 31 interactions between the microbiome and host physiology (the microbiota-gut-brain axis) 32 could translate social stress into dysbiotic microbiomes, with consequences for host health.
33
We investigated how manipulating social environments during larval and adult life-stages 34 altered the microbiome composition of Drosophila melanogaster fruit flies. We used social 35 contexts that particularly alter the development and lifespan of males, predicting that any 36 intrinsic social effects on the microbiome would therefore be sex-specific. The presence of 37 adult males during the larval stage significantly altered the microbiome of pupae of both 38 sexes. In adults, same-sex grouping increased bacterial diversity in both sexes. Importantly, 39 the microbiome community structure of males was more sensitive to social contact at older 40 ages, an effect partially mitigated by housing focal males with young rather than co-aged 41 groups. Functional analyses suggest that these microbiome changes impact ageing and 42 immune responses. This is consistent with the hypothesis that the substantial effects of the The social environment has pervasive, multifaceted effects on individual health and fitness. If 50 a host's microbiome is sensitive to the social environment then it could be an important 51 mediator of social effects, as the reciprocal relationships between hosts and their 52 microbiomes have substantial implications for host health. Using a Drosophila melanogaster Introduction 59 Social environments have multiple effects on individual health, including immune responses 60 (1, 2) , ageing and ultimately lifespan (3) (4) (5) . Indeed meta-analyses show that adverse social 61 environments are a health risk factor on a par with obesity and smoking (6). Effects of social 62 environments are complex. They are seen in animals not usually thought of as social, there 63 are marked sex differences, and hence what constitutes a stressful social environment is not 64 straightforward (1, 4, 5) . For example, periods of social isolation can be beneficial even in 65 gregarious species (7) . The mechanisms that translate information about the social 66 environment into these effects are unclear, but it has been suggested that the microbiome 67 (the community of microorganisms living symbiotically with a host) plays a role (5). Social 68 impacts on microbiomes are expected given that close contact aids horizontal transmission 69 of microbes (8, 9) and social partners will often have similar diets, a key driver of microbiome 70 composition (10). Such extrinsic processes would lead to greater homogeneity in the 71 microbiome of social partners, but would not necessarily have any fitness consequences for 72 the host. However, there is a great deal of interaction between the microbiome and host 73 immune pathways, hormones and neurotransmitters known as the 'microbiota-gut-brain axis' 74 (11) . Therefore host social environments that impact stress and immune responses (1, 2, 12) 75 could indirectly alter the microbiome. This could have profound consequences for host 76 health given the microbiomes influence on development and behaviour (13), susceptibility to 77 pathogens (14), ageing (15, 16) and fitness trade-offs (17). Therefore, social stress that 78 drives dysbiosis could mediate the effects of social environments on lifespan.
79
So far the influence of host social interactions on microbiome composition has been 80 investigated exclusively in mammals. Similarities in microbiomes driven by cohabitation, 81 social group membership or social networks seen in ring-tailed lemurs (Lemur catta) (18), 82 wild baboons (Simia hamadryas) (19) and humans (20) likely represent extrinsic effects of 83 social environments. In mice, social stress alters gut immune gene expression and their gut 84 microbial community (21). Moreover, fecal transfers from mice stressed through isolation 85 recapitulates isolation behaviours in non-isolated mice (22) . These studies in mice are 86 suggestive of intrinsic mechanisms connecting host social environments and the 87 microbiome. To broaden our understanding of these effects, we used an invertebrate model 
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We captured the bacterial component of the microbiome using 16S sequencing, but 116 for brevity hereafter refer to this as the microbiome. We examined the effect of larval rearing 117 density or presence of adult males, conditions that alter development (25-27), on the 118 microbiome of pupae and one day old adults. As the D. melanogaster microbiome is 119 dependent on regular replenishment from ingesting bacteria from the environment, 120 potentially from excreta from other flies (30), we expected that larvae developing in high 121 densities or kept with adults would show greater species richness and changes in 122 microbiome composition. In adults we compared socially isolated flies to those kept in co-123 aged same sex groups, conditions that alters lifespan in a sex-specific manner (4, 5). In 
131
We measured this at the end of development when flies could be sexed, before and 132 after metamorphosis (pupae and 1 day old adults). In pupae, being raised in the presence of 133 adults increased species richness measured as alpha diversity (effect of adult presence F 1, 134 77 = 4.648, p = 0.034; effect of life stage F 1, 78 = 31.39, p <0.001; Figure 1A ). There was no 135 effect of sex (Table S1 ). This is echoed in community structure (beta diversity) where we 136 detected an interaction life stage and adult presence (PERMANOVA F 1, 79 = 7.20, p < 137 0.001). Distinct separation occurred in the bacterial communities of adult presence and 138 absence groups in the pupal stage ( Figure 1B ), but not in the 1-day-old adults ( Figure 1C ).
139
Again, there was no effect of sex (Table S2 ). Lactobacillus plantarum, L. brevis and 140 Corynebacterium sp. in particular exhibited differential abundances dependent on life stage 141 and the presence of adults (Table S3 ).
142
There were no effects of larval density on microbiome composition, but again we 143 observed differences between life stages. Pupae generally displayed a greater species 144 richness (alpha diversity) than their 1-day-old adult counterparts (F 1, 77 = 35.37, p <0.001; 145 Figure 1D ) irrespective of density or sex (Table S4 ). Likewise, community structure (beta 146 diversity) shows distinction between pupae and 1 day old adult flies (F 1, 78 = 4.52, p <0.001; 147 Figure 1E ), but this was not affected by density or sex (Table S5 ). Pupae showed increases 148 in Staphylococcus sp., Lactococcus subsp. lactis and Lactobacillus sp. compared to adults 149 (Table S6 ).
150
Our prediction that more complex social environments would impact microbiome 151 composition was only borne out for the manipulation of adult presence. We chose these 152 social manipulations as they signal future sperm competition to males, hence induce 153 differences in male development and are potentially stressful for males (26, 27) . However, 154 their effects on development are not identical (26), (27), suggesting that they convey 155 different social information, and so perhaps it is unsurprising that their effect on the 156 microbiome is likewise not the same. The lack of sex differences in the microbiome at this 157 stage suggests that the underlying mechanism is not associated with the (potentially costly) 158 alterations in development of males to signals of future mating competition (26). We cannot 159 rule out that there was an effect of horizontal transfer from the adults, especially as the 160 presence of adult females improves larval survival partly through inoculating the substrate 161 with yeasts that are an important component of larval diet (25).
162
Regardless of sex or social manipulation, we found that pupae had a greater species 163 richness than young adults, in line with results observed by Wong et al. (32) . This is perhaps 164 6 unsurprising given that pupae undergo large modifications before eclosion, including 165 expression of antimicrobial peptide genes (35), which may regulate the bacterial community 166 (31), decreasing the number of bacterial taxa observed (32).
168
Adult social environment alters microbiome composition
169
We found that the effect of group housing on the microbiome of adult flies was dependent on 170 age and sex. In 11-day-old flies, bacterial species richness (alpha diversity) was unaffected 171 by social environment and sex (Table S7 ; Fig 2A) . Likewise community structure (beta 172 diversity) was unaffected by social environment, but males and females had distinct 173 communities (Table S8 ; Fig 2B) . However, in 49-day-old flies, bacterial richness was 174 significantly affected by social environment (F 1, 46 = 8.699, p = 0.0007) with co-aged groups 175 having higher richness compared to single flies or those in mixed-age groups (Table S7 ; Fig   176   2C ). Community structure was driven by an interaction between social environment and sex 177 (F 1, 47 = 12.920, p < 0.0001; Fig 2D) . To understand this interaction further, we split the data 178 by sex and found that in males there was a highly significant effect of social environment on 179 community structure (F 1, 22 = 14.054, p < 0.0001), but not in females (F 1, 22 = 2.188, p = 180 0.099).
181
There was no significant effect of social environment on relative levels of individual 182 bacterial species, though there were effects of sex and age. Females have significantly 183 lower levels of Lactobacillus plantarum and L. brevis compared to males (Table S9 ). Effects 184 of age were only observed in males (Table S10) 
186
These patterns indicate that extrinsic factors, such as shared diet or direct bacterial 187 transfer are unlikely to be solely responsible for the patterns we observe, as these ought to 188 affect males and females equally. Previous work has shown that sex differences in the 189 microbiome become apparent in older adult flies (32) and the effect of the microbiome on fly 190 metabolism is sex-specific (29). The social manipulation we used causes sex differences in 191 lifespan, suggesting that it is more stressful for males than females, or prompts differential 192 investment in physiological processes underlying lifespan-reproduction trade-offs (4, 5).
193
There is increasing evidence for a reciprocal relationship between host stress responses and 194 the microbiome (36), and one direct source of social stress is aggressive interactions. In 195 mice, aggression between males affects colonic mucosa-associated bacterial communities, 196 reducing the relative abundance of key genera including Lactobacillus (21). In D.
197 melanogaster, males are more aggressive to each other than females, however we have 198 previously been unable to relate levels of aggression to sex-specific patterns in senescence 7 (4, 37) . Males respond to sexually competitive environments by increasing mating duration 200 and therefore reproductive fitness (23), but this comes at the cost of lifespan and successful 201 later-life mating attempts (37). If investment in reproduction trades-off with 202 immunosenescence, the result could be quicker ageing and more severe microbial dysbiosis 203 in grouped males. However, neither of these scenarios explain why the effect of grouping on 204 male microbiomes can be ameliorated by housing with young males. There is some 205 evidence that the age of social companions has differential effects on ageing profiles. Males 206 carrying a mutation in the antioxidant enzyme Sod have extended lifespan if housed with 207 young males, perhaps because young social partners increased the activity of the focal flies 208 (34) . Whether this increased activity drives the extension of lifespan or is a symptom of a 209 less stressful social context, and how this relates to the fly microbiome, remains unclear.
210
However, we are cautious about drawing further conclusions as, due to logistical reasons, 211 our mixed-age treatment were novel to the focal fly whereas the co-aged groups were not.
212
Further tests are required to distinguish fully between the effect of social partner age and 213 social familiarity.
214
The effects of same-sex social contact on male behaviour, ejaculate and gene 215 expression can be observed on a timescale of hours to a few days (12, 23, 24). However, we 216 observed no effect on the microbiome of young flies, but rather only at older ages, in line 217 with declines in functions such as mating success (37) and climbing ability (4). In D.
218 melanogaster, microbial abundance increases with age (16), with all bacterial taxa 219 increasing significantly and resulting in distinct shifts in microbial community structure as the 220 flies age (15). One explanation for the lack of observed differences in young flies may be 221 that the effects of social stress only become apparent as the flies senesce and gene 222 expression becomes less tightly controlled, allowing unchecked proliferation of gut bacteria 223 that impacts gut homeostasis (15, 16) . Such a cumulative rather than acute effect of social 224 contact would again be suggestive of intrinsic effects of the social environment acting 225 through the microbiota-gut-brain axis.
227

Socially-driven changes in microbiomes likely affect host ageing and immunity
228
To assess predicted functional implications of changes in the microbial community, we made 229 targeted pair-wise comparisons based on the results of the diversity analysis. These 230 revealed numerous functional pathways that were differentially enriched depending on sex, 231 age and social environment (Tables S11-16). For illustration, we chose five pathways of 232 interest involved in ageing and immunity, which were commonly differentially represented in 233 our data.
8
In manipulations of larval social environment, the presence of adults had significant 235 effects on the enrichment of these pathways, more so in pupae than in 1-day-old adults, 236 reflecting the findings in terms of microbiome composition, ( Fig 3A; Table S11 ). We found 237 that in pupae, adult presence increased the differential abundances of the FoxO and 238 longevity pathways, but decreased abundance of the apoptosis pathway. Further 239 investigation is required to understand the consequences of this, but it is possible that if 240 these alter developmental trajectories (e.g. through FoxO activity (39)) they could have long 241 lasting effects even though microbial community alteration itself did not carry-over into 242 adulthood. Indeed, we found that the presence of adults reduced lifespan (Fig 3B, Cox PH 243 X 2 1 = 6.545, p = 0.011) whereas larval density had no effect (Fig 3C, 
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In adults, there was a general picture of grouping exacerbating differences in 250 functional pathway abundance between sexes, and for males, differences between young 251 and old flies. Females were largely enriched for these pathways compared to males, but 252 more so in co-aged groups ( Figure 4A , Table S12-13). In males, young flies were largely 253 enriched for these pathways compared to old flies, and this was again more prominent in co-254 aged groups ( Figure 4B , Table S14 -15) . In old males, single flies were more enriched 255 compared to co-aged flies, but not mixed aged groups ( Figure 4C , Table S16 ). This analysis 256 is consistent with our hypothesis that the microbiome mediates the social environmental 257 effect on lifespan and ageing. However, it should be noted that whilst we highlight these as 258 pertaining to our central theme of social effects on lifespan, there were multiple other 259 significantly differentially represented pathways.
260
Clearly a substantial amount of work is needed to understand the consequences of 261 differential enrichment of these functional pathways. As a starting point we carried out an 262 oral infection assay, as a healthy microbiome, and in particular the presence of L. plantarum, 263 can protect against infections (30). We have previously shown that social contact can 264 increase survival after infection (1), however our mode of infection was injection, which 265 therefore bypassed the gut microbiome. We predicted that if social contact caused dysbiosis 266 then we would find post-infection survival reduced if the infection was orally acquired. Indeed 267 we found that isolated males had greater survival after oral infection with Pseudomonas 268 fluorescens than grouped males (X 2 1 = 8.294, p = 0.004; Figure S1A ), but there was no 269 social effect in females (X 2 1 = 0.699, p = 0.403), mirroring the patterns in the microbial 270 9 community. However, we could not link this to alterations of particular bacterial species, i.e. 271 differences in abundance of the protective L. plantarum. We tested whether this could be 272 driven by males ingesting more of the pathogen. Paired males did not eat more than those 273 held singly so it is unlikely that fewer survived because they consumed more infected food 274 (X 2 1 = 14.312, p = 0.852; Figure S1B ). We also found that paired females ate more than 275 single females (X 2 1 = 25.375, p = 0.044), and this social effect on appetite deserves further 
